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ABSTRACT 
 With increasing global energy consumption and need for smart, cleaner electricity, the 
world demands responsible power generation. The majority of the world primary power generation 
is still based on fossil fuels which contributes to increasing greenhouse gas emissions and 
consequent climate change. Integration of solar energy with fossil fuel-based power plants is an 
effective solution that can mitigate carbon emissions.  
 Post-combustion carbon capture is one of the promising technologies that mitigates carbon 
dioxide (CO2) emissions, but it has associated with it, heat and electricity requirements for the CO2 
capture process and the CO2 compression systems. In solvent-based carbon capture systems, the 
required thermal energy is always extracted from low-pressure steam from the power plant to meet 
the reboiler duty in the carbon capture reboiler. This results in a decrease in unit efficiency and 
power generation. A possible way to overcome this drawback is by employing solar-assisted post-
combustion carbon capture which would significantly compensate on the power plant due to 
absorbent regeneration. In this approach, a solar thermal system is integrated with an amine-based 
carbon capture process. 
 This study focused conducting a preliminary design on how to couple a concentrated solar 
thermal plant to carbon capture pilot-scale plant in Mexico. This thesis also discusses the 
advantages of the methodology to get the optimal results of the coupling. This further provides 
guidance on the possible ways to fully design and integrate solar thermal energy with post-carbon 
capture. 
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1- Introduction 
1.1. Carbon Emissions and Climate Change  
A large number of fossil power plants are in operation around the world due to their fuel 
availability and relatively cost of power generation. However, coal-fired power plants are the 
major contributors to greenhouse emissions, representing, 78.2% of the emission sources [1]. For 
example, in the US, carbon dioxide (CO2) emissions form make-up power production about 40% 
while in Australia is higher than 50% [2- 3]. Despite of this, the demand for fossil fuels is still 
growing and that results in a serious environmental issue. Carbon capture and storage (CCS) is an 
efficient strategy to combat the green house impact caused by burning fossil fuels in power plants. 
Storing of CO2 can also open avenues for other industrial applications. For instance, it can be 
applied for enhanced oil recovery, and it is also used in firefighting and food preservation [4]. In 
short, capture of CO2 emissions from fossil power plants make sense to mitigate global climate 
change.  
1.2. Carbon Capture Strategies 
 Addressing the issue of increasing carbon emissions in the atmosphere is considered 
important in the power industry. There are three basic approaches which are currently used in 
power plants to capture CO2: pre-combustion, oxy-fuel, and post-combustion CO2 capture. The 
three approaches for coal-based power systems are shown in Figure 1. Unfortunately, all these 
technologies for carbon capture reduce plant net efficiency by as much as 14%, depending on the 
type of technology applied [5]. 
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 Fig. 1. Technical options for CO2 capture from coal power plants [6] 
Pre-combustion CO2 capture is a technology that captures CO2 before combustion is 
completed. This process is widely used in integrated gasification combined cycle (IGCC) power 
plants because of the high concentration of CO2 in the syngas which affects its efficiency [6- 7]. 
The gas that is produced in gasifiers is made of hydrogen and CO2 which make it easy for the 
carbon dioxide to be superheated from the syngas stream before combustion of hydrogen in a gas 
turbine. This process mostly requires high pressures compared to post-combustion carbon capture 
[8].  
Oxyfuel combustion is another technology applied in combustion of the power industry 
which requires a wide range of advancements [8]. This process consists of fuel with pure oxygen 
to control flame temperature, producing a large amount of CO2 and water vapor in the flue gas, 
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and the CO2 can be separated by dehydration [9]. This technique is promising but demands a large 
scale of energy in the air separation step.  
Post-combustion carbon capture (PCC) is one of the most suitable techniques for fossil-
fired power plants which employs amine-scrubbing or other suitable solvents to capture carbon. 
This option does not require modifying the power plant drastically [10]. In this process, steam is 
an important factor to accomplish the capture of CO2, and this steam is usually extracted from the 
low-pressure turbine to provide the required heat in the carbon capture unit. Figure 2 shows a 
simplified diagram of the post-combustion CO2 capture process. As shown in Figure 2, a cooler is 
used to decrease the amine stream temperature and hence it improves the efficiency of the 
subsequent CO2 absorption. The absorber is a counter flow tower that results in a part of CO2 in 
the flue gas to be absorbed into the amine solution. The CO2-absorbed with the solution is pumped 
to the stripper. In the stripper, there is a counter flow with a rich-loading solution and steam 
generated in a reboiler. The heat from the stripping steam separates the bonds between the amine 
compounds to release CO2. The high temperature of the lean-loading solution (about 120 °C) is 
used to recover the heat of the rich-loading solution [11]. Post-combustion amine is able to remove 
90% of CO2; but in contrast, it can lower electrical output of the plant where is applied by about 
30% [12]. A variety of solvents have been tested for capturing CO2; however, monoethanolamine 
(MEA) represents one of the most extended tested solvents, even though it demands high energy 
for regeneration [13]. As reported, the required energy for the regeneration when using 30 wt.% 
MEA varies from 3,200 to 5,500 KJ/Kg-CO2. The reduction in a net plant cycle efficiency is still 
one of the issues that are being addressed to provide a cost-effective option for post-combustion 
capture of CO2. 
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Fig. 2.  Schematic of a basic chemical absorption process for CO2 capture [11] 
1.3. Using Solar Thermal Energy in the CO2 Capture Process 
 Due to the required thermal energy of the reboiler in the CO2-capture process, integrating 
a concentrated solar thermal system with carbon capture is an innovative initiative that would 
warrant reduction in the remarkable penalties introduced by CO2 capture systems, particularly 
when electricity demand and prices are the highest. Regeneration of MEA requires high quantities 
of thermal energy to meet the reboiler duty; for example, the average required heat for solvent 
regeneration for 30 wt.% MEA  is 4 MJ/Kg-CO2 [14]. The operating temperature in the stripper 
unit is in the 150°C range to limit thermal degradation of the MEA solvent. On the other hand, 
higher operating pressures in reboiler are not desired because it leads to a reduction in MEA 
regeneration [11]. Furthermore, the minimum steam temperature required in the stripper is slightly 
above 120 °C, requiring extraction of steam from the main power plant at roughly 50% rate [12]. 
Based on the previously mentioned issues that affect the efficiency of the power plant, it is obvious 
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that an option that offers that instead of extracting the required thermal energy from the low-
pressure turbine, to be used in the reboiler of capture carbon, the steam could come from a solar 
thermal plant to offset the reboiler duty is a good option. Solar assisted post-combustion carbon 
capture should, however, take into account the tradeoffs between size of the solar system and the 
cost of the solar collectors [14].  
1.4. Project Description 
 This project corresponds to an application in Mexico, where, according to the 
environmental impact and to meet national energy goals, decreasing CO2 emissions from fossil-
fired plants is an urgent matter and part of governmental policy. Regarding CO2 emissions, one of 
the greenhouse gases responsible for global warming, Mexico releases approximately 709 million 
metric tons of CO2 annually into the atmosphere (the world’s 12th largest carbon emitter), with 30 
percent of this inventory coming from the electricity generating sector [15]. Moreover, Mexico is 
a developing country and it still needs at least 45,000 MW# in the next 15 years as the Mexican 
Federal Commission of Electricity reported [16]. The Mexican government has set targets to cut 
national CO2 emissions by 30% by 2020 and 50% by 2050. It has also mandated that 35% of 
Mexico’s energy come from renewable sources by 2024 and allows for a national CO2 emissions 
trading scheme. The combination of Mexico’s power generation growth needs, CO2 emissions 
reductions, together with the large potential for renewable power generation in Mexico, offers a 
large scope to develop CO2-based technologies together with renewable energy systems. 
 PCC is one of the promising technologies that could be used for capture carbon in Mexico, 
but as discussed previously, the associated penalties are still barriers that would prevent adaptation 
of this technology in power generation systems in Mexico. In this concept, solar thermal energy 
(STE) integrated with PCC is a scheme that offers the possibility of using renewable energy to 
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mitigate the penalties induced by the PCC system and offset the power generation loss caused by 
the intensive energy consumption by the PCC process. Moreover, concentrated solar power (CSP) 
is cost-effective, which increase its possibility of use. In contrast, including thermal energy storage 
would impose high capital costs.  
 An investigation was performed on the integration of renewable energies with the process 
of CO2 capture. Such a project would help promote deployment of cost-effective renewable solar 
technology as well as a cost-effective means of reducing CO2 emissions. This project corresponds 
to a using solar thermal energy in a combined cycle plant in Mexico coupled with CO2 capture 
system a pilot-scale. The plant is a 250 MWe natural gas combined cycle (NGCC) generating 
station, in the State of Veracruz, Mexico. The plant will be retrofit with a solvent-based PCC 
system. The PCC system will scrub 1% of the flue gas (2.4 MW# plant equivalent) for a recovered 
CO2 flow rate of 20 Mtpd (85% CO2 recovery). 
 This particular project will investigate the concept of solar-assisted post-combustion 
carbon capture (SACC), and it will develop and implement cost-effective PCC using renewable 
energy in Mexico, which will address the mitigation of the levelized cost of electricity (LCOE) 
increase associated with PCC. The concept to be investigated in this project is displayed 
schematically in Figure 3. In this concept, a STE collection system is integrated with an MEA 
based PCC pilot plant. The four subsystems in the SACC are: the natural gas-fired turbine cycle, 
the flue gas heat recuperator and steam turbine cycle, the MEA amine-based carbon capture steam 
and STE harvesting collection field. 
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Fig. 3. Diagram of the SACC concept with subsystems 
 The study of this thesis consists of pre-designing the best approach to combine CSP 
technology to the carbon capture pilot-scale unit. Additionally, all associated aspects of integration 
are presented, including modeling of the NGCC and PCC by the ASPEN software, while the SAM 
software was employed to help in the pre-design of the STE technology for the Poza Rica location, 
where the pilot plant could be installed in Mexico. The option to introduce thermal storage to the 
system was also reviewed. The economic and cost specifications of the elements in the design 
were also considered in this study. 
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2- Literature Review 
Various investigations have been carried out on the integration of solar thermal energy with 
post-carbon capture, which is known as Solar Assisted Carbon Capture (SACC), in order to 
mitigate CO2 emissions to the atmosphere. Concentrated solar power technologies (CSP) are 
available for integration with carbon capture, and they have been effectively applied in a 
reasonable number of installations which are schematically shown in Figure 4. The first 
investigation was a case study for a plant in Italy which generates 100 MWe of coal-fired power 
integrated with a CO2 capture process based on amine scrubbing [10]. This coal-fired power plant 
emits 752 kgCO2/MWh with a low heating value (LHV) efficiency of 42%. The study states that 
the flue gases rate is 94.2 kg/s and the reboiler duty is 3.5 MJ/kgCO2, requiring 65.7 MW$%. A 
cycle diagram for the plant design is indicated in Figure 5.         
Fig. 4. Schematics of four solar concentrating technologies [10] 
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To meet the reboiler duty, several options were considered, steam extracted from the steam cycle 
or a solar thermal system.  In the case the extracted steam is from linear Fresnel collectors, the 
system was reported to be capable of meeting the reboiler duty, it provides 50 % of the duty in the 
winter and 80% in the summer, and the highest steam production for solar energy was in the middle 
of the day.  In addition, this study claims that the CSP system reaches its peak thermal energy 
generation during the summer in which produces 14-24 kg/s of steam and covers 80% of solvent 
regeneration. 
Fig. 5. Layout of coal-fired power plant in Italy with steam extraction for the CO2 capture 
system [10] 
Liu et al. [17] performed an assessment to evaluate the performance of SACC for coal-fired plants 
in different locations in China (considering the large difference in direct normal radiation in China). 
The investigation was focused to three locations and employed two types of solar thermal 
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collectors (STC) to collect solar energy (parabolic trough and vacuum tube). The results of this 
study show that the location with high direct normal irradiance (DNI) is suitable for building 
SACC, and thermal storage plays a role in increasing power generation. It was also recognized 
that using a vacuum tube is more attractive than parabolic trough collectors to achieve more 
economic benefits. Wang et al. [18] revealed a case study for a fired-coal power plant in China 
which produces 300 MW#, and it was analyzed by using an approach which is based on coupling 
a life cycle greenhouse gas assessment and the life cycle cost to identify the environmental and 
economic aspects of SACC from a life cycle perspective. Consequently, the investigation proved 
the CCS reduces the life cycle greenhouse emissions by between 67 % and 73.7% when the CO2 
capture rate is 90%. Carapellucci et al. [19] illustrated employment of SACC in coal-fired power 
plants to capture CO2, and CSP (linear Fresnel ) was selected to support the heat required for amine 
regeneration, and thus it can decrease the extracted steam from the power plant. In addition, this 
investigation confirms that the performance of the main power plant with solar energy was 
improved, recorded to be up 7% in the winter and 1.4% in the summer. Deng et al. [20] discussed 
efficiency considerations related to coupling PCC with solar energy and how STE is effective in 
that it is able to operate from 80 °C to more than 300 °C. Generally, the required temperature to 
regenerate the amine is in the range from 120 °C to 180 °C. It was also deduced by this research 
that reboiler duty is limited by flue gas concentration and amine temperature, and at the same time, 
the heat demand for CCS can be covered through STE technology. 
 Mokhtar et al. proposed an approach to mitigate the penalties resulting from CO2 capture 
by providing part of the PCC energy using solar thermal energy [21]. The approach was applied 
to a coal-fired plant in Australia, rated at 300 MWe, with a PCC unit as a case study. Linear Fresnel 
technology was selected in the simulation according to its relatively low cost heat production. 
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After different analyses, the study indicates that the thermal energy of lower quality steam is 
efficient for solvent regeneration and generating high-quality steam for electricity. The system was 
feasible for supplying the reboiler duty regardless the ambient conditions in Australia. Cohen et al. 
[12] restated that the steam requirements for supplying CO2 capture are based on the design of the 
carbon capture system and main power plant. Figure 6 illustrates their primary case of integrating 
carbon capture with a fired-coal power plant. For instance, the type of amine could play a 
significant role on the required extracted steam from the turbine (mass flow and enthalpy), hence 
figuring out alternative designs for the stripper could improve the steam requirement. 
   
Fig. 6. Primary case of integrating carbon capture unit with a fired-coal power plant [12] 
The main idea behind changing PCC configurations is that operating the stripper at different 
pressures in different columns will dramatically impact steam requirements. Cohen et al. [12] 
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presented two schemes for the stripper; a double matrix stripper and three stage flash tanks as 
shown below in Figure 7. A double matrix stripper has the ability to meet the heat requirements 
for CO2 capture at multiple pressures and temperatures while a three stage flash tanks design is 
more efficient than a simple stripper, particularly with variable temperature such as solar thermal 
energy. The authors furthermore focused on the mechanism of integration PPC-STE by generating 
a different strategy to meet heat requirements for the stripper as shown in Figure 8. 
 
     A- Double Matrix Stripper                                                 B- Three Stage Flash Tanks 
 
Fig. 7. Layout of two types of complex configurations for a PCC [12] 
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Fig. 8. An Alternative method of using solar thermal energy to meet solvent stripping heat 
requirement [12] 
The alternative method could exchange heat directly between the solar heat transfer fluid 
(sensible heat) and the rich solvent. When the solar thermal heat is not enough for the reboiler duty, 
the extracted steam flow should be maintained to avoid high costs and keep the efficiency of the 
system at the same level. The study mentions technologies that can be used in a solar thermal 
system, and the best recommendation is for power troughs and power towers because they are able 
to supply enough heat to enhance capturing CO2, where solar thermal storage would rise the 
capacity factor (CF) of the combined system and lower the plant cost of extraction.  
Other examples of investigations related to solar integration with PCC include Plaza et al. 
[22] who presented a model for a solar-assisted rich solvent preheating in a three-stage flash 
configuration developed as an alternate stripper. Another study was proposed to investigate 
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replacing the required steam extraction for the PCC reboiler with steam generated by a solar 
collector field. This study was based on a non-concentrating solar thermal collector and it reports 
that the concept requires a large solar field area and highlight the issues related to the mismatch 
between solar energy and PCC operating time [23]. Sharma et al. [24] evaluated analytically an 
integrated solar repowering PCC plant, including the heat integration from the CO2 gas 
compression. Also, Dixon et al. conducted research in identifying several options to provide the 
required heat for the reboiler duty and to offset the losses in the main power plant using solar 
energy [25]. This research presented all aspects of employing thermal energy storage to mitigate 
thermal losses. 
 Lately, an exploration was performed to address high energy consumption to capture 
carbon. The analysis was applied to a coal-fired power plant equipped with a carbon capture system 
in which the main plant produces 1000 MW# [26]. Two main integrated systems were implemented 
by comparing thermo-economic performance. In the first system a solar-aided coal-fired power 
with CO2 capture and solar energy was considered. In this case, solar energy was used to heat the 
high-pressure feed water in the power plant, while the reboiler duty was provided by extracted 
low-pressure steam from the power plant. The second system integrates the power plant with solar-
aided CO2 capture using solar thermal to heat the reboiler. As a result, the analysis proves that the 
first system is the best possibility in terms of thermo-economic cost even though the first case 
generates less power. Furthermore, Li et al. [27] devoted efforts in evaluating the feasibility of 
combining STE into a NGCC with an amine-based chemical absorption to capture CO2. The 
system of the SACC, including TES, is described in Figure 9. There are two options to supply the 
thermal energy to the reboiler whether from solar energy or extracted steam from the turbine. The 
fluid that is produced by the solar collectors has a temperature above 160 °C, then it passes through 
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a heat exchanger to generate steam at 4 bar. The performance of the power plant combined with 
SAAC was found to be hindered by local weather parameters such as solar irradiation, sunshine 
hours, the type of collector used and the ratio of CO2 recovery. To increase the capacity, parabolic 
trough solar thermal collectors were suggested to be designed upon the lowest month of DNI 
around the year. The authors have also the opinion of adding TES to the system as an option to 
store additional heat and, hence supporting the reboiler for extra hours.  
Fig. 9. Description of a NGCC integrated with carbon capture and a STE unit [27] 
The research on Reference [27] was applied at three locations in China. Since adjusting the angle 
and direction of the solar thermal collector installation based on the location is important, an 
increase in efficiency of the solar collectors can be determined accordingly. In this study, the 
WINSUN program was used to specify the optimal azimuth angle for the parabolic troughs. It was 
also deduced that the cost of electricity of CO2 avoidance depends on weather conditions in every 
specific area. The price of solar trough collectors should be lower than 150 USD/m2 to obtain the 
lowest cost of electricity.  
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In another example for employing STE in carbon capture, Cau et al. [28] evaluated the 
integration of Ultra Super Critical (USC) steam power plants with STE and CCS. The study 
analyzed different integrating approaches dependent on designing a solar field to generate 
saturated low pressure steam (5.4 bar and 154 °C) for CCS and intermediate saturated and 
superheated steam (80 bar at 295 °C and 500 °C) for the steam cycle. Linear Fresnel collectors 
were used in this investigation to supply the steam requirement. As a result, it was proved that the 
production of intermediate-pressure superheated steam to supply the high pressure (HP) turbine 
outlet steam is the most efficient choice as a result of the higher temperature of HTF produced by 
the solar field. On contrast, producing low-pressure saturated steam for the CCS and intermediate-
pressure saturated steam for the Intermediate Pressure (IP) turbine was found to be less efficient. 
All these three approaches justify that the power output of the USC, integrated with CCS, has a 
proportional relationship with the solar field area. Moreover, the mass flow rate of the steam 
turbines is affected by the steam produced by the solar field, whereas the increase in mass flow in 
the steam turbines will result in a very low annual electricity production. This effort concluded 
that there is a possibility to combine a solar field with a carbon capture unit, which positively 
contributes in increasing the overall system efficiency by about 1 percentage point; however, the 
necessity of a large solar field is mentioned (about 0.7–0.8 Km2 per 200 MWth ). 
 Another study was proposed by Zhao et al. [29] which focuses on integration of a solar 
Organic Rankine Cycle (ORC) with a coal- fired power plant with a carbon capture unit. The heat 
of the solvent regeneration is provided by the condensation heat of the ORC, to eliminate the 
penalty caused by the steam extraction from the turbine. The configuration of the system was built 
to include a solar field, a coal-fired power plant, a CO2 capture system with a MEA absorption 
method and an ORC system. Parabolic troughs were used to generate the required heat for the 
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reboiler during the sunshine hours, and THERMINOL® 62 was selected as a HTF because its 
ability to work up to a temperature of 330 °C. In this analysis, it was mentioned that low pressure 
steam in the range from 110 to 130 °C was suitable for solvent regeneration and to meet this, the 
condensing temperature of the ORC should be at least 130 °C. Three reference systems were 
investigated to compare them with the cases of: a coal fired power plant with PCC, a SACC 
integrated to the coal-fired power plant, and integrating the solar field to the coal-fired power plant 
without CCS. The evaluation of the technical feasibility was based on the plant producing 300 
MWe with or without PCC. The reference systems have certain parameters which include that the 
plant emits 256.4 ton/h of CO2, and the output power of the plant drops to 227.85 MWe after 
combining it with PCC. The results indicated that the proposed system could supply enough heat 
and power, and the annual power production was increased by 12.1% as compared to the plant 
integrated with just PCC. Regarding the economic analysis, the largest system in terms of the cost 
of electricity and the cost of CO2 removed was the power plant integrated with SACC. Finally, 
Zhao et al. [30] proposed a system of mid-temperature solar energy and a coal- fired power plant 
to scrub CO2. The research was based on a 600 MWe hybrid power plant; with the solar field 
generating heat at 300 °C, which was used to heat the feed water from the deaerator to replace the 
extraction of high-quality steam. As a result, the output of the hybrid plant increased by 17.2 % 
compared to a non-hybrid coal-fired power plant with carbon capture. The analysis additionally 
reports that the annual solar field cost is reduced by 58 % per ton of CO2 as compared to the system 
that utilizes solar energy to replace the extraction of the low-quality steam to enhance CO2 capture.  
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3- Carbon Capture System Modeling 
3.1. About ASPEN PLUS 
 ASPEN PLUS is provided by ASPEN Tech to help model and simulate chemical, polymer, 
mineral and coal power plants among others. This program allows users to predict the performance 
of the modeled process by using thermodynamic properties and mathematical models such as 
energy balances, process control and chemical reactions. Furthermore, ASPEN PLUS is able to 
run many tasks at the same time and models very complex processes such as multiple-column 
separation systems and chemical reactors. ASPEN PLUS simulates processes based on the design 
given by the user; thus, supplying the system with reasonable values is necessary to obtain high 
performance results. As a result, understanding the chemical engineering principles is very 
important to start the simulations. ASPEN PLUS can be applied to actual plants to assess their 
behavior; thus, it improves the productivity of those plants [31]. Thermodynamic relationships for 
reacting and non-reacting are also available in ASPEN PLUS. On top of that, sensitivity studies 
can be performed using this software.  It is a beneficial program for industry to generate optimized 
solutions. In this project, simulation of a NGCC and CCS were performed by ASPEN PLUS. 
 Choosing a model carefully is an essential step to avoid incorrect results. Therefore, a 
decision was made to select a model as a benchmark that was reported by the National Energy 
Technology Laboratory (NETL). NTEL published this report to study and asses the cost and 
performance of pulverized coal (PC) Combustion, IGCC, and NGCC, with and without a carbon 
capture unit. Published reports were utilized in this project to validate ASPEN model results and 
system performance. This part of the thesis reports validation of a NGCC and CCS system, using 
reported data from a model that was reported in Reference [31] 
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3.2. NGCC Description 
  The NGCC system configuration is based on NETL’s report which was modeled using the 
ASPEN PLUS software.  The unit consists of a single reheat with 16.5 MPa/566 °C/566 °C steam 
for the Rankine cycle. Two combustion turbine-generators (CTG) are provided in the NGCC and 
each one produces 184.4 MWe. There are three sections of steam turbine, Low Pressure (LP), IP, 
and HP that are connected to the generator. The Heat Recovery System Generator (HERSG) 
represents a large portion of the NGCC which has LP, IP and HP steam drums, fed by an 
economizer. The steam of the HP turbine is produced when the steam is heated by a superheater 
at 566 °C, while the IP heat exchanger supplies steam to the IP turbine. Regarding emissions, a 
configuration is included to mitigate emissions of nitrogen oxides (NOx) by Dry Low NOx (DLN) 
burners. A Selective Catalytic Reduction (SCR) system based on ammonia and a catalyst is 
included to lower 90 % of NOx emissions. A circulating water system in the NGCC is presented 
in which feed water system pumps convey the water feed from the deaerator storage tank into the 
HRSG to the steam drums, and circulate the condensate back from the steam turbine.  
3. 3. Carbon Capture Unit 
 The carbon capture facility added to the NGCC is applied to remove 90 % of CO2 in the 
flue gas. Carbon capture is performed in various steps that start with a flue gas absorber and ends 
with CO2 compression to storage. Firstly, a flue gas cooling and supply system is used to deliver 
CO2 in the HERSG flue gas to an absorption column. The temperature of the existing flue gas is 
reduced in the flue gas cooler to 33 °C. Cooling water is supplied from the circulating water system 
to meet the requirements in the carbon capture unit.  In the absorption column, the cooled flue gas 
enters from the bottom and flows up to meet a lean MEA-based solvent with the rest passing 
through a water wash section to reduce losses due to evaporation.  Hence, a rich solvent leaves the 
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bottom of the absorber with the absorbed CO2. Next, the outlet of the absorber is preheated by the 
lean solvent from the stripper. Figure 10 shows a schematic diagram for the carbon capture system. 
The heated rich solvent is transported to the solvent stripper to remove the absorbed CO2.  The 
bottom of the stripper collects and moves the rich solvent to a reboiler where it is heated by steam 
(extracted between the LP and IP turbines) at 0.52 MPa. The wet vapor at of the top of the stripper 
condensates in a solvent stripper condenser. Finally, compression of CO2 is performed at 15.3 MPa 
using six stages of compression. This compression steps consume about 98 % of total power for 
the CCS systems. Table 1 shows the different stages of compression for CO2.  
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Fig. 10. Schematic diagram of the carbon capture system 
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Table 1. The Different stages of compression for CO2 [31] 
Stage Outlet Pressure (MPa) 
1 0.36 
2 0.78 
3 1.71 
4 3.76 
5 8.27 
6 15.3 
 
3.3. Model Results 
 This section reports two cases (with and without carbon capture) which have identical 
designs and thermal heat input. The single reheat for both designs is set up for 16.5 MPa/ 566 °C/ 
566 °C.  
Case A: NGCC without Carbon Capture 
CO2 capture was not integrated with NGCC in this case. The system is illustrated in Figure 
11 from the NETL report. There is a combination of natural gas and atmospheric air in the low 
NOx burner which controls the turbine temperature at 1,371 °C. The exit flue gas from the turbine 
is at 629 °C, which flows through the HERSG.  The HERSG system generates main and reheat 
steam for the steam turbines. The temperature of the outlet flue gas is 106 °C as it passes to the 
stack. 
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Fig. 11. Illustration of NGCC plant without carbon capture [31]
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The assumptions and specifications for both cases (case A and B) are presented in Table 2 below.  
Table 2. Assumptions and specifications of NGCC with and without carbon capture [31] 
 
  
Case A: without CO2 
capture 
Case B: with CO2 
capture 
Steam Cycle, MPa/°C/°C (psig/°F/°F) 16.5/566/566 
(2400/1050/1050) 
16.5/566/566 
(2400/1050/1050 
Fuel Natural Gas Natural Gas 
Fuel Pressure at Plant Battery Limit 
MPa (psia) 
 
3.1 (450) 
 
3.1 (450) 
Condenser Pressure, mm Hg (in Hg)  
50.8 (2) 
 
50.8 (2) 
Cooling Water from Condenser, °C 
(ºF) 
 
27 (80) 
 
27 (80) 
Cooling Water to Condenser, °C (ºF)  
16 (60) 
 
16 (60) 
Stack Temperature, °C (°F) 106 (222) 29 (85) 
SO2 Control Low Sulfur Fuel Low Sulfur Fuel 
NOx Control LNB and SCR LNB and SCR 
SCR Efficiency, % (A)  
90 
90 
Ammonia Slip (End of Catalyst Life), 
ppmv 
 
10 
 
10 
Particulate Control N/A N/A 
Mercury Control N/A N/A 
CO2 Control N/A Econamine 
Overall CO2 Capture (A) N/A 90.7% 
CO2 Sequestration N/A Off-Site Saline Formation 
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Case A Results 
The modeled unit is able to generate a net output of 555 MWe at a net plant thermal 
efficiency of 50.2%. The system has two turbines, which they produce 362,200 kWe at the gas 
turbine and 202,500 KWe at the steam turbine. The results show that consumption of natural gas 
feed flow is 75,901 kg/hr, and the associated thermal input is 1,105,812 KWth. 
 In regard to the environmental impact, very low levels of NOx and negligible levels of SO2 
are due to the operation of the modern gas turbine fueled by natural gas and integrated to a HRSG. 
NGCC SO2 emissions would reach 21 tonnes/year at 85 % CF if the fuel contains a large amount 
of sulfur composites. Similarly, the low level in NOx is obtained by a dry LNB coupled with a 
SCR system.  It is also noticed in this case that CO2 emissions are relatively decreased to those 
produced by burning coal as a result of the low carbon intensity of natural gas related to coal, and 
the high efficiency of the NGCC related to a coal-fired plant. The carbon added to the plant consists 
of the carbon in the natural gas which represents 54,822 Kg/h and carbon as CO2 in the combustion 
turbine air which is about 429 Kg/hr. There is a quantity of carbon that leaves the plant to the flue 
gas as CO2 through the stack which is 55,251 Kg/hr. Furthermore, the resulting power output 
comes from combining combustion and steam turbine power prior to generator losses. The 
calculation for the power at the generators comes by multiplying the total power output by 
combined generator efficiency of 98.4%. Finally, the capital cost for Case A is summarized from 
details in the NETL’s report. The total overnight cost of the NGCC without carbon capture was 
estimated to be about $718/KWe while the total cost of the equipment was $193,680,000. The cost 
of electricity (COE) for this system is about 58.9 mills/kWh.  
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Case B: NGCC with Carbon Capture 
 The design for this case is similar to the previous case while taking into account that the 
Econamine CO2 capture technology is included for carbon capture. This configuration contributes 
to the reduction in the nominal net power output because the steam turbine output decreases as a 
result of the increase in auxiliary power load. The consideration of the carbon capture unit causes 
the difference from Case A, but other process descriptions are the same. The schematic illustration 
for the plant with CO2 is indicated in Figure 12. Since the carbon dioxide recovery process and the 
assumptions have been presented in the last section, it will not be repeated here.  
Case B Results 
 The plant is capable to generate a net output power of 474 MWe and a net plant efficiency 
of 42.8%.  The carbon dioxide recovery represent over 66 % of the total auxiliary load. On the 
contrary, the circulating water system represents approximately 18% of the auxiliary load as high 
cooling water demand of the carbon dioxide recovery system. The gas turbine power produces 
362,200 KWe while the steam turbine power produces 148,800 KWe. The net power for this case 
is 473,570 KWe. Moreover, other results are natural gas feed flow of 75,901 Kg/hr, thermal input 
(HHV) of 1,105,812	KWth, and thermal input (LHV) of 997,032 KWth.  The simulation results 
provide the required parameters in the amine regeneration process, the mass flow rate to the 
reboiler is 89.5 Kg/s with about 2746.8 KJ/Kg of enthalpy and 152 ºC of temperature, and therefore, 
the reboiler duty is 188.4 MWth.  It should be noted that the design specifications for this model 
are not realistic for an NGCC plant located in Mexico; for example, the cooling water temperature. 
As a result, an attempt was made to closely match the specifications of the NETL models for 
validation purposes based on the environmental conditions at Poza Rica. By using the updated 
28 
 
operating parameters appropriate for that location in the ASPEN model, it provides that the reboiler 
duty is 219 MWth.
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Fig. 12. Illustration of NGCC diagram with carbon capture [31]
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Very low levels of NOx and negligible levels of SO2 are due to the operation of the modern 
gas turbine fueled by natural gas and integrated to a HRSG. As noted in the Case A, NGCC SO2 
emissions would reach 21 tonnes/year at 85 % CF if the fuel contains a large amount of sulfur 
composites. Similarly, low level of NOx is obtained by a dry LNB coupled with a SCR system.  It 
is also noticed in this case that 90 % of the CO2 in the flue gas is scrubbed in the carbon dioxide 
recovery system. The carbon enters the unit through natural gas and carbon in the combustion 
turbine air. A portion of carbon leaves the stack while the remaining is captured in the CO2 capture 
unit. The efficiency of the CO2 is calculated by the following equation: 
(CO2 Produced Carbon)/(Natural Gas Carbon)*100 or 
 (109,628)/(120,863) * 100 or 90.7% 
The power output is due to the integration of the gas turbines and steam turbine minus generator 
losses. The power at the generator terminals is determined by the power output by a combined 
generator efficiency of 98.3%. The load of the CO2 compressor intercooler is included in the 
Econamine process heat output stream, which represents heat rejected to the cooling water and 
ultimately to ambient via the cooling tower. The total cost of the NGCC with carbon capture was 
estimated to be about $1,497/KWe while the total cost of the equipment was $318,200,000. The 
cost of electricity (COE) for this system is 85.9 mills/kWh. 
Summary of ASPEN Simulation Results 
 The NGGC plant performance can be summarized as follows: 
• In case there is no carbon capture unit integrated with the NGCC, the efficiency will reach 
50.2% (HHV) and 55.7% (LHV). 
• The penalty of the main plant when combined with CO2 capture is 14.17 relative percent. 
The auxiliary load of the Econamine system and CO2 compression plays an important role 
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in reducing the plant efficiency. In addition, increasing cooling water requirement results 
in increasing the auxiliary load of the circulating water pump systems. CO2 capture leads 
to a 28 MWe increase in auxiliary load, as compared to the plant without carbon capture. 
• Lower amount of carbon in natural gas than coal and higher efficiency for NGCC than 
pulverized coal or IGCC are the main reasons for an energy penalty reduction. About 
589,670 Kg/hr of CO2 in the case of pulverized coal must be mitigated and compressed, 
while for NGCC, the amount of CO2 captured and compressed is 181,437 Kg/hr. 
• By considering the location, the required energy for an amine regeneration is 219.5 MWth, 
which is obtained at 152.7 ºC. 
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4- Solar Systems with Thermal Storage 
4.1. Background 
 The use of solar thermal energy is considered one of the most promising options in 
generating power, and CSP technology is widely used worldwide. Generally, when the sun rays 
coming from the sun, are reflected onto a receiver by using collectors (mirrors), a HTF in the 
receiver absorbs that heat. The way to concentrate the solar radiation is based on the desired 
temperature and required applications.  
Several of researchs have put efforts in employing CSP in the power generation field. Taqiy 
and Mohammed [32] have discussed designing a parabolic trough power plant in Algeria. The 
study has shown the working principles and descriptions of a parabolic trough power plant. Since 
Algeria has specific requirements for CSPs such as appropriate land, high DNI and abundant water, 
installation of solar thermal energy using CSP technology is viable. Boukelia et al. [33] have 
conducted optimization, selection and a feasibility study of solar parabolic trough power plants for 
Algerian conditions. The optimization was performed on two parabolic trough solar thermal power 
plants: one coupled with TES and the other with a fuel backup system. The applied HTF is 
Therminol VP-1 for the first plant and molten salt for the second plant. Garcıa et al. [34] have 
reported a simulation model for a 50 MWe parabolic trough power plant integrated with TES and 
Therminol VP-1 as HTF. A comparison study of an operating plant in Spain was performed. 
Montes et al. [35] have discussed the effects related to selecting solar multiple (SM) on the annual 
performance, natural gas consumption and LCOE, in a study using a 50 MWe direct steam 
generation parabolic trough thermal power plant. Furthermore, the plant was combined with 
thermal energy storage and an auxiliary natural gas-fired boiler. 
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 Another investigation was carried out by Ruegamer et al. [36] to analyze the technical 
development of parabolic trough plants with molten salt as HTF and put an effort into how this 
technology can decrease LCOE. Their simulations demonstrated that the absorber tube diameter 
plays a role in changing the LCOE. Additionally, a comparison between three types of molten salts 
was performed on a solar power plant. Modeling and simulation of an 100 MWe parabolic trough 
plants integrated with 6 hrs. TES in India was presented by Deepak and K. [37]. The HITEC salt 
as HTF was used in this study according to its thermodynamic properties. The study reports that 
CSP technology is efficient to be installed where DNI is greater than 1,800 kWh/m2/year. Because 
of this, choosing an area with high DNI was presented to be more economically viable, and TES 
was installed to offset the required energy for the power block during night. Liaqat et al. [38] 
discussed modeling and simulation of an 100 MWe concentrated solar thermal power plant using 
parabolic trough collectors in Pakistan. One of the motivations to conduct this investigation was 
to reduce the consumption of fossil fuel and greenhouse emissions. The analysis confirmed that 
avoiding the high thermal losses in the parabolic trough plant can be achieved by decreasing the 
surface area. Moreover, it can be concluded that a parabolic trough collector in terms of the desired 
temperature and economy is better than any another concentrating technology. Three locations 
were taken into account in this research, and the selection depended on all specifications related 
to that area. HITEC salt was also assumed as an appropriate HTF in this investigation.  
The higher demand of energy makes that thermal storage integrated with solar energy 
economically valuable to enhance the dispatchability in the system. Figure 13 illustrates the uses 
installation of thermal storage in the industry. The adoption of TES in concentrating solar thermal 
power plants is most common to supply energy for later use. In addition to this, the intermittence 
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in the quantity of solar radiation is the main motivation to install a storage system in solar power 
plants.  
 
Fig. 13. Solar thermal storage configuration in the industry [39] 
TES has several advantages compared to chemical or mechanical storage technologies [40]. 
Moreover, the lower capital costs and higher operating efficiencies make TES better than other 
technologies. In general, solar thermal storage system contains three main parts, the storage 
medium, mechanism of heat transfer and containment system. The stored energy can be in the 
form of sensible or latent heat or even in the form of chemical reactions. The objective of the heat 
transfer mechanism part is to provide and extract energy from the medium. The containment is 
employed in TES to reduce the losses in the system. Depending on the kind of storage, several 
requirements should take into account to reach the optimum design: high energy density in the 
storage material, good heat transfer between HTF and the storage medium, low thermal losses, 
low cost, and low environmental impact. Based on the type of thermal storage, size and design of 
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a CSP plant, there are fundamental factors used to design thermal storage system: maximum load, 
nominal temperature, and specific enthalpy, followed by operation and integration into the plant.  
4.2. Types of Thermal Energy Storage 
The energy can be stored in different forms as a change in the internal energy of materials 
as sensible heat or latent heat or thermochemical. Sensible and latent heat storages are discussed 
as follows: 
4.2.1. Sensible heat storage 
In the present, sensible heat materials in the form of molten salts and synthetic oils are 
widely used in concentrated solar plants. In this configuration, increasing the temperature of a solid 
or liquid is applied to store thermal energy. The change in temperature and the heat capacity are 
utilized in this system during charging and discharging. The quantity of heat energy depends on 
the specific heat of the medium, and the amount of storage material. Water is considered one of 
the best sensible heat storage media due to high specific heat and low cost. Molten salts and liquid 
materials are also used in storage. The energy stored is given by the following equation: 
Q = m Cp ΔT 
Where Q is the energy stored, m is the mass of the storage medium, Cp is the specific heat of the 
material, and ΔT represents the change in temperature during the process. This system uses molten 
salts in an indirect two-tank design. The purpose of this design is that forced convection happens, 
hence the heat transfer is not a limiting factor for the system.   
4.2.2. Latent heat storage 
  Latent heat systems are built based on the principle of phase change in a material at a 
constant temperature. Phase change can vary from solid-solid, liquid-vapor, and solid-liquid. The 
energy stored in the system can be defined as follows: 
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Q = m [Cps (Tm- Ts) + h + Cp1(T1-Tm)] 
Where Cps and Cp1 represent the average specific heats in the solid and liquid phases, h is the 
enthalpy of phase change, Tm is the melting temperature of the solid, and T1 is the liquid 
temperature. Latent heat store energy a nearly isothermal process, which provides a larger quantity 
of energy, compared to a sensible heat system. It is very beneficial in the industry field, especially 
when it is combined with the solar field with thermal energy intermittences. Storage capacity is 
also governed by the enthalpy of phase change material; therefore, the latent heat system is more 
efficient and with lower cost. Phase change materials integrated with the latent heat use considered 
the best heating resource for solar systems.  
4.3. Storage Tank Components 
  The design of the tank storage mainly depends of the operating temperatures. Insulation 
materials should be able to decrease losses from the system. The foundation of the tank typically 
contains different layers, which include concrete and thermal foundations andalso foam 
glass insulation fire bricks, which support large loads. Figure 14 shows a diagram of a storage tank 
foundation.  
 
Fig. 14. Storage tank diagram [40] 
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4.4. Review of Integration a Thermal Storage with a Solar Power System 
Dispatchability of thermal power during peak-off hours would be supported by thermal 
energy storage. A number of researchers have argued that CSP integrated with TES is viable to 
provide the required long-term heat for the system. H. Price [41] have put an effort in a simulation 
of a 50 MWe parabolic trough plant to compare it annual performance with 6 hrs. of thermal storage 
and without thermal storage. The study states that adding thermal storage to the system improved 
the annual electric efficiency (13.2% vs. 12.4%), but the steam cycle efficiency, on the other hand, 
has decreased slightly (37.5% vs. 37.9%). The research on Reference [41] also reveals that the 
annual LCOE is reduced by 10% due to the high CF of a solar plant with storage. The receiver in 
this system is exposed to slight thermal losses because the higher HTF temperature return to the 
solar field. A larger solar field is usually required when solar thermal storage is installed.  
Another example of a study of the performance of thermal storage integrated to parabolic 
trough plant has been carried out by Barlev et al. [42]. A mathematical-statistical model of hybrid 
solar-fossil power cycles was applied, which mainly depends on the principle of energy balance 
equation. The performance of thermal storage was discussed using solar fractions in a range 
between 0.2 (without storage) to 1 (single solar power plant). The results of the simulation confirm 
that the large capacity of thermal storage should be available for the plant, which is based on only 
solar energy, to meet the annual demand for electricity. Developing a model of a thermal power 
plant with thermal energy storage was performed by Kody and Thomas [43]. A tow-tank-direct 
with thermal parabolic trough as CSP was utilized. Controlling the power output and collector 
temperature as a result of thermal storage addition and its components was presented in this effort. 
It was found that the storage system improves the solar power output by as much as 47% for a base 
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load thermal power output of 1 MWe, and the reduction in supplementary fuel requirement was 
43%.  
Madaeni et al. [44] analyzed that the economic aspects related to integration concentrating 
solar power with thermal storage. A mixed-integer programming model was used to study the 
operational performance of the system. This model is based on the data provided by CSP plant 
(such as location, power block efficiency, TES efficiency, parasitic load of components), weather 
conditions and size of the concentrated solar plant. The energy load with TES increased by at least 
35%, and this value varies based on the location and the design of the CSP plant. A study of the 
performance of a parabolic trough solar thermal power plant with thermal storage was presented 
by Garcıa et al. [34].  The purpose of this study was to facilitate the prediction of output during 
several stages of planning, design and operation. The Wolfram’s Mathematica 7 software was used 
to conduct the simulation. The model results for the 50 MWe power plant were compared to 
operating plant data. 
4.5. System Design Description 
Generating the required heat for amine regeneration was study for a solar field. Figure 15 
shows the configuration of a solar system integrated with a STE to meet the reboiler duty. The 
system actually consists of three main components; the solar field to absorb the heat from the sun, 
a reboiler to extract the required energy for the carbon capture system, and a thermal storage 
system to save the energy for later use. Parabolic troughs represent the lowest cost as compared to 
linear Fresnel, which was applied in the study.  
The two-tank (hot and cold) configuration for thermal storage was assumed in this design 
to improve the intermittency in the system. The hot tank holds a high temperature thermal fluid, 
while the cold tank holds the fluid return from the heat exchanger after the energy has been 
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extracted by the reboiler. The CSP system is charged using direct or indirect methods. The 
difference between direct and indirect storage systems is the used medium, with indirect the two-
tank system using a thermal storage media, besides HTF. Since there are two different fluids used, 
a heat exchanger required to exchange heat between the storage media and the hot HTF. Indirect 
storage is more commercially used to supply larger amounts of energy to the system. In this study, 
direct storage was analyzed. 
Fig. 15. Schematic diagram of a solar thermal system with TES to meet a thermal reboiler 
duty 
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5- Modeling Solar System 
 In this section, four solar thermal models were analyzed using the SAM software, whereas 
two of them are parabolic trough power plants integrated with a storage system. A comparison 
between the models in terms of thermal power was performed. The DNI in this study was selected 
based on the historical records during the last 27 years for the specific location of the study.  
5.1. SAM Software 
The System Advisor Model (SAM) is a software provided by the U.S. Department of 
Energy’s National Renewable Energy Laboratory (NREL) to facilitate designers obtaining 
performance results for various types of solar energy systems. SAM supports different solar 
models such as photovoltaic panels and CSP (parabolic trough, linear Fresnel and solar towers). 
SAM is also capable to simulate a system with just thermal energy system, and this feature is 
available for two types of technologies (parabolic trough and linear Fresnel). Modeling a 
renewable energy project by SAM considers selecting one of the existing financial models to 
conduct the simulation. The financial models are employed to identify annual cash flows based on 
the system’s electrical output. LCOE, for example, it is specified to calculate the cost of generating 
power over a period of time, and this calculation is implemented by providing capital cost, fixed 
annual operating cost, variable operating cost, fixed charge rate, and annual electricity generation. 
To model solar thermal energy, SAM requires identifying the location of the application to 
promote data related to weather, and solar radiation. NASA is one of the reliable sources that SAM 
depends on in obtaining solar radiation information for a specific area around the world. In addition, 
system design in SAM requires supplying a chosen DNI design for the place the solar field would 
be constructed on. To determine the area for a place, two options are available in SAM; SM or 
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specific area. SM expands the area of the installations chosen to avoid increasing solar field and 
costs. 
5.2. Location Analysis 
 Poza Rica is located in the Mexican state of Veracruz, between latitudes 20.53° N and     
97.5° N with 130 m of elevation. According to the data from the NASA, Poza Rica receives about 
23.3 °C of the annual average temperature. The global horizontal for the location is 5.05 
KWh/m2/day, while diffuse horizontal is estimated at 2.21 KWh/m2/day. Figure 16 shows hourly 
DNI at Poza Rica. NASA has recorded that the available DNI is 4.32 KWh/m2/day (~1,577 
KWh/m2/year). The suggested DNI for a CSP site to work efficiently has to be greater than 1,800 
KWh/m2/year [38], and the DNI of Poza Rica is noted to be less than this threshold. 
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Fig. 16.  Hourly DNI at Poza Rica 
The annual average wind speed is roughly 1.9 m/s, which meets a requirement of less than 15.64 
m/s. The reason for this requirement is that a high speed of wind might damage the structure of 
the solar field. The sunshine hours for this location is about 12 hrs. a day.  
5.3. Heat Transfer Fluid (HTF) 
 Several types of HTFs are available in the SAM program, including thermodynamic 
properties. Each type has a specific minimum and maximum operating temperature. Synthetic oils 
and molten salts are the most commonly media used for CSP plants [38]. Therminol VP-1 and the 
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HITEC salt have higher specific heat, good heat capacity, and high density; being the best choices 
in thermal power production. HTF’S properties with operating temperature are shown in Table 3.  
Table 3. HTF’S properties 
Name Type Min. operating 
Temp.  
(°C) 
Max. operating 
Temp.  
(°C) 
Specific 
heat 
(KJ/Kg °C) 
HITEC salt Nitrate Salt 238 593 1.561 
Therminol VP-1 Mixture of 
Biphenyl and 
Diphenyl Oxide 
12 400 1.321 
 
5.4. Parabolic Trough System 
 Parabolic trough solar thermal collectors are commercially used to achieve the required 
thermal power during sunlight availability. This type of collectors provides long parabolic-shaped 
mirrors and a tracking system, which concentrate incident solar radiation onto a collector tube. A 
schematic diagram for a parabolic trough collector is shown in Figure 17. HTF is runs through the 
tube with a temperature which reach up to 550 ºC, based on the properties of thermal fluid. 
Scalability is an additional feature for parabolic trough, which is suitable for large plants. 
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Fig. 17. Parabolic trough solar collectors [45] 
The prevention of heat conduction and convection from the hot absorber tube to the cooler 
glass are critical issues, so there is an annulus between the transparent and glass cylindrical 
envelope and the absorber [37]. On the other hand, coating the surface of the absorber which has 
high solar absorption (> 0.95) is an efficient approach to reduce the loss of radiation heat transfer. 
Reduction of heat conduction at the ends is also performed by increasing the length of the collector 
by four meters and above. Manufacturing the diameter of the absorber relatively small as compared 
to the collecting area of the reflector is used to minimize heat loss surface area. SAM is provided 
by various manufacturers for receivers and collectors, with different specifications. Figure 18 
shows a sectional view of a solar receiver (Schott PTR80).  
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Fig. 18. A Sectional view of parabolic trough receiver (Source: Flagsol) [37] 
5.5. Mathematical Modeling 
 The optimum design for a parabolic trough design is expressed in this section 
mathematically. According to the simulation of PCC in Chapter 3, the required heat for the reboiler 
to capture CO2 is 219.5 MWth at 152 ℃, hence a heat exchanger between the solar field and the 
carbon capture unit is required to exchange the heat between the hot solar fluid and the reboiler 
steam. 
According to a study that was performed by Duffie and Beckman [37], the useful heat gain 
from a concentrating collector Qu is calculated as follows: !"	= $%&' ( )*+,+-./(12*1-3 
Where FR is collector heat removal factor, Aa is aperture area of the concentrator, Ar is receiver 
area, S is absorbed solar radiation, UL is the heat loss coefficient, Ti is fluid inlet temperature, and 
Ta is ambient temperature. There is another equation to calculate the heat gain from a collector (4̇6) 
which as follows: 4̇6 = η9 × &6 × ;<= 
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Where η9  is the efficiency of the collector, which was assumed as 0.68, and &6 is the area of the 
collector, and DNI is the direct normal irradiance, which 600 W/m2 was assumed in this study. The 
output temperature for the collector (Toc) is expressed by: 
>?6 = >@ + 4̇6ḂCD 
Where Ḃ	is the mass flow rate of HTF per loop, and Cp is the specific heat of HTF, and >@ is loop 
inlet temperature. The number of collectors (Nc) is expressed by: 
<9 = 4̇E4̇6  
Which 4̇E represents the required heat for the reboiler. The main factor for a CSP plant is the area 
of the solar field where solar collectors and recievers are to be installed. The number of collectors 
per loop (<F/) is as follows: <9G = >? − >@>?6 − >@ 
 Where >?  is the loop outlet temperature, hence the number of loops (<G) is expressed by the 
following equation: 
<G = <9<9G  
If a storage system is integrated with the solar field, additional calculations should be performed 
to store the adequate energy from the solar field. The total mass flow rate of the heat transfer fluid 
(Ḃ1) can be estimated as follows: Ḃ1 = <G × Ḃ 
The mass of storage (BJ) can be caculated by the following equation: BJ = Ḃ1 × KJ 
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Where KJ is the storage time which was assumed 6 hrs., hence the storage volume (LJ) is: LJ = BJρ  
Here ρ is the density of the heat transfer fluid (Therminol VP-1). The mass flow rate a day (ḂN) during 
sunlight is also evaluated as follows: ḂN = BJKN  
Where KN is 12 hrs. of sunshine. Moreover, the total number of collectors for storage (<J) can be 
calculated through the folloing fraction: 
<J = ḂN × CD × (>? − >@)KN  
As a result, the number of loops for the storage (<G)) can be expressed by the following equation: <G) = <J<9G  
Lastly, the required total loops for the solar field combined with thermal storage can be shown by 
the following equation: <1G = <G) + <G 
SM, as discussed earlier, is another expression for the solar field area, and it can be expressed by 
the following equation: 
OP = Heat	flow	rate	capacity	Solar	field	capacity  
Choosing SM for simulation assists in increasing the capacity factor and solar energy supply when 
there is no sufficient solar energy [37]. The thermal output of the solar field is basically the thermal 
power obtained by the solar field under specific conditions at the given SM. Solar field design 
output value (Qsf,des) can be determined by the fraction: 
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!J`,NbJ = OP cdDe,NbJηNbJ f 
Where dDe,NbJ  represents the heat output of solar field design, and ηNbJ  represents the design 
efficiency.  
5.6. Specifications and Configurations of Solar Designs 
 Four designs A, B, C, D were analyzed under different specifications and conditions. Since 
the requirement just produces thermal power for the reboiler for amine regeneration, SAM was 
used to build process heat using parabolic troughs with different types of collectors. The solar field 
was set to work between 160 ºC and 260 ºC. The employed fluid for all designs was Therminol 
VP-1, due to its high specific heat and operating temperatures. All systemss were designed for 600 
W/m2 of DNI.  
Design A 
  This configuration is to produce 258 MWth power and 4 Kg/s per loop flow rate. Thermal 
storage in this design was not included. Table 4 indicates all used input data during the simulation. 
Being the Euro Trough collectors one of the largest size collectors in SAM software, it was applied 
in Design A.  
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Table 4. Specifications and configuration of Design A 
Parameter Value Parameter Value 
Solar Field Design 
Location  
Solar multiple 
DNI 
Wind stow speed 
Row spacing 
Stow angle 
Deploy angle 
HTF pump efficiency 
Design Point 
Actual No. of loops 
Target receiver thermal 
power             
Total aperture reflective area 
Total loop conversion 
efficiency 
Number of collectors per 
loop 
Collector 
Type 
 
Length of collector 
Width of collector 
 
Poza Rica 
1.02 
600 W/m2 
25 m/s 
15 m 
170° 
10° 
0.85 
 
257 
263.16 MWth 
 
630,292.5 m2 
0.6979 
 
3 
 
 
Euro Trough 
(ET150) 
150 m 
5.75 m 
Heat Sink 
Heat sink power 
Pumping power for HTF 
trough heat sink  
Heat Transfer Fluid 
HTF type 
 
Loop inlet HTF temperature          
Loop outlet HTF temperature 
Min single loop flow rate 
Max single loop flow rate 
HTF density 
Receiver 
Type 
Material  
Absorber tube inner diameter 
Absorber tube outer diameter 
Thermal Storage 
Hours of storage 
Tank heater efficiency 
Tank volume 
 
258 MWth 
0.55 KW/Kg/s 
 
 
Therminol VP-1 
 
160 °C 
260 °C 
1 Kg/s 
12 Kg/s 
906 Kg/m3 
 
Scott PTR80 
304 L 
0.076 m 
0.08 m 
 
- 
- 
- 
 
Simulations were performed for the first year. Design A was steadied with SM=1.02, which 
was chosen based on the calculations based on the equations prevouisly provided, and the target 
receiver was designed accordingly. The simulation results provide an amount of annual thermal 
gross energy of 481,713.6 MWh-th. Energy and cost for the first year are listed in Table 5. The 
levelized cost of heat for this design is 3.35 ¢/KWh-th. The system is able to generate a thermal 
power from 6 A.M to 8 P.M on average (around 12 hours a day). The highest amounts of thermal 
power, which provide heat for the reboiler duty, were produced during the months from April to 
August, while the lowest amount of the thermal generation is during December (~110 MWth). The 
average hourly thermal generation for every month is shown in Figure 19. The maximum heat 
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generated for the reboiler is recorded as 198 MWth, and the maximum incident power is also 
recorded during June mid-day at 306 MWth. 
Table 5. Simulation results for energy and cost for Design A 
Metric Value 
Annual gross energy 481,713.6 MWh-th 
Levelized cost energy 3.35 ¢/KWh-th 
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 ̶  Thermal power incident (MWth) 
 ̶  Heat sink thermal power (MWth) 
Fig. 19. Average hourly thermal power per month for Design A 
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Design B 
   This configuration is similar to Design A with difference in the area, flow rate, and  SM 
because six hours of storage was integrated to the system to provide required thermal energy when 
solar radiation is not available. The applied mass flow rate in this design is 7 kg/s per loop. Table 
6 shows the listed specifications and configurations for Design B.   
Table 6. Specifications and configuration of Design B 
Parameter Value Parameter Value 
Solar Field Design 
Location  
Solar multiple 
DNI 
Wind stow speed 
Row spacing 
Stow angle 
Deploy angle 
HTF pump efficiency 
Design Point 
Actual No. of loops 
Target receiver thermal 
power             
Total aperture reflective area 
Total loop conversion 
efficiency 
Number of collectors per 
loop 
Collector 
Type 
 
Length of collector 
Width of collector 
 
Poza Rica 
1.54 
600 W/m2 
25 m/s 
15 m 
170° 
10° 
0.85 
 
291 
397.32 MWth 
 
951,570 m2 
0.6836 
 
4 
 
 
Euro Trough 
ET150 
150 m 
5.75 m 
Heat Sink 
Heat sink power 
Pumping power for HTF 
trough heat sink  
Heat Transfer Fluid 
HTF type 
 
Loop inlet HTF temperature          
Loop outlet HTF 
temperature 
Min single loop flow rate 
Max single loop flow rate 
HTF density 
Receiver 
Type 
Material  
Absorber tube inner 
diameter 
Absorber tube outer 
diameter 
Thermal Storage 
Hours of storage 
Tank heater efficiency 
Tank volume 
Tank diameter 
Tank height 
 
258 MWth 
0.55 KW/Kg/s 
 
 
Therminol VP-1 
 
160 °C 
260 °C 
1 Kg/s 
12 Kg/s 
906 Kg/m3 
 
 
Scott PTR80 
304 L 
0.076 m 
 
0.08 m 
 
 
6 
0.99 
29,742 m3 
51 m 
15 m 
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The simulation for the design B was carried out for the first year with 1.54 SM. The 
required area for this design was 951,570 m2. The simulation results provide annual gross energy 
as listed in Table 7. The levelized coshis design t of energy for this design is low compared to the 
Desing A, at 3.14 ¢/KWh-th. Based on the results, with this design it would be able to generate 
thermal power from 6 A.M to 8 P.M on average (12 hours a day), with higher efficiency. The 
highest amount of energy is produced during the months from April to August, with the highest 
amount of solar thermal generation producing about 360 MWth in June. The average hourly thermal 
power for every month is shown in Figure 20. The maximum average thermal power delivered to 
the reboiler would be about 240 MWth. The storage system volume required is 29,742 m3 to store 
thermal energy for 6 hrs. TES charge and discharge thermal power values are fluctuating during 
the day, whereas charge thermal power reaches its peak in September at 165 MWth. 
Table 7. Simulation results for energy and cost for Design B 
Metric Value 
Annual gross energy 812,726.4 MWh-th 
Levelized cost energy 3.14 ¢/KWh-th 
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̶  Heat Sink thermal power incident (MWth)                       ̶ TES discharge thermal power (MWth)                              
̶  TES charge thermal power (MWth)                                     ̶  Field thermal power leaving (MWth) 
 
Fig. 20. Average hourly thermal power per month for Design B  
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Design C 
 This design was based on the SkeyFuel Sky collectors, which has 115 of length and 6 m 
width. DNI for this design was also 600 W/m2. System design was carried out without thermal 
storage and with 6 Kg/s per loop of HTF flow rate. The system required 193 loops, in which every 
loop contains 5 collectors. All specifications and configurations of  Design C are listed in Table 8. 
The suitable SM in this design according to caculations modeling is 1.002 which gives 258 MWth 
of receiver thermal power.  
Table 8. Specifications and configuration of Design C 
Parameter Value Parameter Value 
Solar Field Design 
Location  
Solar multiple 
DNI 
Wind stow speed 
Row spacing 
Stow angle 
Deploy angle 
HTF pump efficiency 
Design Point 
Actual No. of loops 
Target receiver thermal 
power             
Total aperture reflective area 
Total loop conversion 
efficiency 
Number of collectors per 
loop 
Collector 
Type 
 
Length of collector 
Width of collector 
 
Poza Rica 
1.002 
600 W/m2 
25 m/s 
15 m 
170° 
10° 
0.85 
 
193 
258.52 MWth 
 
633,040 m2 
0.6836 
 
5 
 
 
SkeyFuel Sky 
 
115 m 
6 m 
Heat Sink 
Heat sink power 
Pumping power for HTF 
trough heat sink  
Heat Transfer Fluid 
HTF type 
 
Loop inlet HTF temperature          
Loop outlet HTF temperature 
Min single loop flow rate 
Max single loop flow rate 
HTF density 
Receiver 
Type 
Material  
Absorber tube inner diameter 
Absorber tube outer diameter 
Thermal Storage 
Hours of storage 
Tank heater efficiency 
Tank volume 
Tank diameter 
Tank height 
 
258 MWth 
0.55 KW/Kg/s 
 
 
Therminol VP-1 
 
160 °C 
260 °C 
1 Kg/s 
12 Kg/s 
906 Kg/m3 
 
Scott PTR80 
304 L 
0.076 m 
0.08 m 
 
- 
- 
- 
- 
- 
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Simulations were carried out for the first year. Therminol VP-1 was used in this 
configuration. The analysis results provide the annual gross energy as listed in Table 9. The 
levelized cost of energy for this Design is 3.35 ¢/KWh-th. Based on the results, the design is able 
to generate a thermal power from 8 A.M to 8 P.M on average (12 hours a day). The highest amount 
of energy was produced during the months of April, May, and June, while the lowest amount of 
the thermal generation draws about 120 MWth in December. The average hourly thermal power in 
every month is shown in Figure 21. The output thermal power depends mainly on the variation of 
the incident power. For example, the maximum incident thermal power was in June, which 
considers the best month for obtaining the reboiler duty in the PCC unit, at a cost of        
3.35 ¢/KWh-th. 
Table 9. Simulation results for energy and cost for Design C 
Metric Value 
Annual gross energy 474,436.192 MWh-th 
Levelized cost energy 3.35 ¢/KWh-th 
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 ̶  Incident thermal power (MWth) 
 ̶  Heat sink thermal power (MWth) 
Fig. 21. Average hourly thermal power per month for Design C 
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Design D 
 Employing parabolic troughs as concentrated technology integrated with 6 hrs. of storage 
was analyzed in Design D. SkeyFuel Sky collectors were also used in this design. The desired heat 
here is also 258 MWth at a mass flow rate of 6 Kg/s per loop. To generate this amount of heat, 289 
loops and each loop with 5 collectors were necessary to meet the heat needs. This solar system 
requires that the thermal storage volume be 29,742 m3  to meet the reboiler duty. All specifications 
and configurations of Design D are listed in Table 10. The suitable solar multiple for the 
configuration is 1.5, to determine the required area for generating power. The target receiver 
thermal power is 387 MWth. 
Table 10. Specifications and configuration of Design D 
Parameter Value Parameter Value 
Solar Field Design 
Location  
Solar multiple 
DNI 
Wind stow speed 
Row spacing 
Stow angle 
Deploy angle 
HTF pump efficiency 
Design Point 
Actual No. of loops 
Target receiver thermal 
power             
Total aperture reflective area 
Total loop conversion 
efficiency 
Number of collectors per 
loop 
Collector 
Type 
Length of collector 
Width of collector 
 
Poza Rica 
1.5 
600 W/m2 
25 m/s 
15 m 
170° 
10° 
0.85 
 
289 
387 MWth 
 
947,920 m2 
0.6836 
 
5 
 
 
SkeyFuel Sky 
115 m 
6 m 
Heat Sink 
Heat sink power 
Pumping power for HTF 
trough heat sink  
Heat Transfer Fluid 
HTF type 
 
Loop inlet HTF temperature          
Loop outlet HTF temperature 
Min single loop flow rate 
Max single loop flow rate 
HTF density 
Receiver 
Type 
Material  
Absorber tube inner diameter 
Absorber tube outer diameter 
Thermal Storage 
Hours of storage 
Tank heater efficiency 
Tank volume 
Tank diameter 
Tank height 
 
258 MWth 
0.55 KW/Kg/s 
 
 
Therminol VP-1 
 
160 °C 
260 °C 
1 Kg/s 
12 Kg/s 
906 Kg/m3 
 
Scott PTR80 
304 L 
0.076 m 
0.08 m 
 
6 
0.99 
29,742 m3 
51 m 
15 m 
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Simulation for Design D using the specified inputs was done in this part. The simulation 
results provide the annual gross energy as listed in Table 11. The levelized cost of energy for this 
design in the first year of operation is 3.13 ¢/KWh-th. Based on the results, the system with thermal 
storage has higher efficiency as compared to Design C. April to August are considered the best 
months for thermal power generation. The average hourly thermal power in every month is shown 
in Figure 22. The variation of the solar thermal output results in considerable heat sink power.  For 
instance, the maximum solar thermal generating from the solar field is 380 MWth, while heat sink 
power is recorded at 250 MWth. The amounts of  TES charge and discharge thermal power during 
the day is fluctuating based on the availability of solar radiation. The maximum value of discharge 
thermal power was in June and May.  
Table 11. Simulation results for energy and cost for Design D 
Metric Value 
Annual gross energy 972,437.056 MWh-th 
Levelized cost energy 3.13 ¢/KWh-th 
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̶  Heat Sink thermal power (MWth)                                     ̶ TES discharge thermal power (MWth)                              
̶  TES charge thermal power (MWth)                                     ̶  Field thermal power leaving (MWth) 
Fig. 22. Average hourly thermal power per month for Design D 
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6. Economic Analysis 
 This chapter summarizes preliminary analysis performed on the financial costs related to 
the proposed solar design, which represents the optimum configuration among the other 
suggestions. Based on the simulations, the listed specifications for Design D in Table 10 were used 
to complete this task. This design corresponds to a solar field to supply heat to the reboiler duty of 
a CO2 capture system for the Mexican application. Two parts are discussed as following:  
6.1. Solar Collector Costs 
 The results of the modeling and simulation for Design D are shown in Table 12. The solar 
system can produce 258 MWth with integration of a system with thermal storage. 
Table 12. Solar field design results 
Parameters Value 
Solar thermal energy needed (MWth) 
Sun peak hours per day (hr) 
Total loops needed  
Number of collectors per loop 
Total solar collector needed 
Solar field cost factor 
Purchased cost per collector ($/collector) 
258 
12 
289 
5 
1,445 
1.5 
3,000 
 
A cost factor $)?g'E	`@bgN  considering solar field piping, heat transfer fluid reservoirs and 
installation factor of 1.5 was used to calculate the total implementation capital cost of the solar 
field. 
C9'D@h'g	J?g'E = <9 × C° × $)?g'E	`@bgN1 × 10l  
Where               C9'D@h'g	J?g'E: Total solar field capital cost in million USD C° : Purchase cost per collector in $/collector 
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$)?g'E	`@bgN: Cost factor for solar field 
The total solar field cost for this application is $6.55 million USD. 
6.2. LCOE Estimation 
 System capital costs were assumed to be 450 $/kWth, with annual fixed operating 
costs of 8 $/kWth. Variable operating costs were estimated at 0.001 $/kWh-th. The total installed 
cost was converted into an annual fixed cost that takes into consideration capital amortization 
and tax and insurance costs. A monthly payment factor was derived using the following 
equation: 
    
where     : Monthly payment factor 
 : Interest rate per month 
    : Period of the loan in months 
The period of loan for this analysi was 20 years and the annual interest rate was taken to be 4%. 
This gives a monthly payment factor of 0.00606. This monthly payment factor was used to 
calculate the annual fixed cost (C+mm"'g	`@nbN	6'D@h'g	) using the following equation: 
    
where    : Annual fixed installed capital cost  
: Monthly payment factor 
: Additional cost considering piping, materials, etc. 
: Contingency factor 
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1 1
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The 1.5% under in the equation is a factor to take into account taxes and insurance. In addition, an 
additional cost factor of 1.8 and the contingency factor of 1.15 were considered. The annual fixed 
capital cost is 251.5 $/KWth. The variable operation and maintenance (O&M) cost is neglected 
since there is no fuel consumption, etc. Therefore, the levelized cost of heat (oCpq ) can be 
obtained by: 
 oCpq = (r9%×99)srt9+mm"'g	bmbEuvswt9  
where               $Cx: Fixed charge rate 
                                       CC: Capital cost in $ 
                                       $pC : Fixed operation cost in $ 
                                       LpC: Variable operating cost in $/KWth 
The variable operating cost is neglected since there is no fuel consumption. The capital cost of 
solar thermal, which assumed to be in $6.55 million USD, and the fixed charge rate for ten years 
is 0.108. The fixed operating cost is $3,096,000, and hence the LCOH was calculate using SAM 
which result in 3.13 ¢/KWh-th. 
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7- Conclusions 
 Post combustion carbon capture is a useful technology to mitigate CO2, but on the other 
hand, there will be a considerable drop in the output power of the unit on which is installed on. 
Integrating solar energy with carbon capture unit to some extent would solve this issue. Solar 
power upon design would generate the required heat for carbon capture, yet it is also affected by 
atmospheric conditions such as low sunlight hours, high speed of winds and high quantity of snow. 
Therefore, extracted thermal power from solar plant needs to be well considered to be able to 
contribute mitigate the impact on carbon capture process.   
 Simulation of two NGCC cases, with and without carbon capture unit, was performed using 
the ASPEN PLUS software to validate results in a NETL’s report. A natural gas combined cycle 
with two turbines, which produce 202,500 KWe at a steam turbine and 362,200 KWe at a gas 
turbine. In case carbon capture is not combined to NGCC, the system produces 555 MWe of net 
output at 50.2% of net plant efficiency. Carbon dioxide represents 51 Kg/GJ of the air emissions, 
and the flue gas temperature is about 106 °C. It was found that a coupling carbon capture plant 
with the NGCC plant would lead to a remarkable reduction in NGCC performance system due to 
the extraction of steam from the steam turbine. Comparing to the system without carbon capture, 
it was found that the power output is decreased by about 14.4%. The temperature of the stack 
dramatically declines down to 56 °C after carbon capture implementation. Additionally, the 
combination of NGCC+CO2 capture leads to a high auxiliary load, needed for amine regeneration 
in the carbon capture unit; hence, it lowers the overall system efficiency. The simulation was 
performed for 90% of the CO2 in the flue gas scrubbed in the carbon capture system.  
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 As discussed in Chapter 4, solar energy, using concentrating technology to enhance output 
thermal energy was considered to be linked to a system scrubbing carbon from the flue gas. As a 
result, four solar thermal designs were analyzed by the SAM software. Two types of collectors of 
parabolic trough technology were used. The estimated thermal power, to be provided to CO2 
capture reboiler, to conduct the modeling and simulations was 258 MWth for an installation in Poza 
Rica in Mexico. The sunshine hours for this place is in the range between 12 to 13 hrs., based on 
the season. As mentioned earlier, this location receives 1,577 KWh/m2/year, which is lower than 
the requirement for such installation. 
 For the first option (Design A), parabolic trough plant without thermal storage was studied 
using Euro Trough collectors, choosing 600 W/m2 of DNI and Therminol VP-1 as a HTF. The 
solar field temperature also was set to work between 160 to 260 °C. Mathematical calculations and 
simulation results demonstrate that the maximum and minimum field thermal power can reach 198 
MWth and 110 MWth, respectively. The gross energy represents 481,713.6 MWh-th with 
3.35 ¢/KWh-th of LCOH. 
 The considerable thermal power output of Design B of parabolic trough plant includes six 
hours of energy storage. Adding thermal storage reduces the intermittency in the system when the 
sunlight is not available. Generating heat was provided from 6 A.M to 8 P.M, which provides more 
energy, compared to the design without thermal storage. Therminol VP-1 was used as a HTF. 
Design B reached the highest amounts of energy from May to August, whereas the peak value was 
recorded at 240 MWth. The number of Euro Trough collector loops needed are 291, and each loop 
consists of 4 modules. The LCOH for this design is a 3.14 ¢/KWh-th which is lower than Design 
A. 
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 The third option, SkeyFuel Sky collectors of parabolic trough is an alternative collector, 
which has smaller area than the Euro Trough collector. The system works between 160 ℃ and 
260 ℃, with employing Therminol VP-1 as heat transfer fluid. This fluid due its high properties 
was chosen to increase the efficiency of the receiver. The configuration was designed with 193 
loops, whereas every loop contains 5 collectors. The highest energy was produced in the period 
from April to June, and low thermal power produced in January. The solar field thermal power 
reaches its peak at 198 MWth, and the lowest value was recorded at 120 MWth in December. 
 The final option (Design D) was proposed to improve the shortage of power in Design C. 
All parameters used for Design C are used in this design while taking into account the area and 
thermal storage. Design D was also designed upon low solar irradiation to ensure the design is able 
to produce energy for the entire year. A storage unit of 29,742 m3 and 6 hrs. was integrated to 
improve the efficiency of the solar system. The receiver applied in the simulation is the Scott 
PTR80 model with 304 L type of material. The results confirm the thermal power output improves 
remarkably, which is 120 MWth and 230 MWth. The LCOH for this design with thermal storage 
was 3.13 ¢/KWh-th, which is the lowest value compared to the other designs 
 Assessing the performance of the four configurations of solar thermal energy gives a good 
overview of the designs available for solar thermal energy collection. Parabolic troughs with 
different types of collectors can provide thermal energy, but the quantity of energy and the cost 
are considerably different. A solar field with parabolic trough collector does not require a large 
collecting area as compared to those which work with linear Fresnel technology. Design D is the 
best option to produce the heat for amine regeneration because it has thermal storage and a large 
solar field. Moreover, Design D can generate thermal power for the reboiler duty at low cost. 
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